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Edited by Richard CogdellAbstract Proteomic, enzymatic, and mutant analyses revealed
that peptidyl-prolyl isomerase (PPIase) activity in the chloro-
plast thylakoid lumen of Arabidopsis is determined by two immu-
nophilins: AtCYP20-2 and AtFKBP13. These two enzymes are
responsible for PPIase activity in both soluble and membrane-
associated fractions of thylakoid lumen suggesting that other
lumenal immunophilins are not active towards the peptide
substrates. In thiol-reducing conditions PPIase activity of the
isolated AtFKBP13 and of the total thylakoid lumen is sup-
pressed several fold. Profound redox-dependence of PPIase
activity implies oxidative activation of protein folding catalysis
under oxidative stress and photosynthetic oxygen production in
the thylakoid lumen of plant chloroplasts.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Immunophilins are ubiquitous receptors for immunosup-
pressive drugs cyclosporine A and FK506. Receptors for cyclo-
sporine A are deﬁned as cyclophilins, while FK506 binding
proteins are called FKBPs. Despite of little sequence homol-
ogy, immunophilins of the two families share similar pepti-
dyl-prolyl cis/trans isomerase (PPIase) enzymatic activity that
might be involved in the catalysis of protein folding [1–3].
The assays of PPIase activity with prolyl-containing synthetic
peptides have demonstrated little dependence of cyclophilin-
catalyzed isomerization on peptide sequence, while FKBPs
were much more eﬃcient in isomerization of peptides with a
prolyl preceded by a bulky hydrophobic residue like leucine
[3,4]. The cellular functions of cyclophilins and FKBPs extend
far beyond their PPIase activity: these proteins are involved in
cell signaling, protein biogenesis and traﬃcking, cell cycle con-
trol, heat shock responses and regulation of membrane recep-Abbreviations: FKBP, FK506 binding protein; PPIase, peptidyl-prolyl
cis/trans isomerase
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doi:10.1016/j.febslet.2006.05.054tors, channels and pores, as reviewed in [1,2,5,6]. Nevertheless,
the physiological roles of numerous immunophilins in diﬀerent
organisms are still unknown.
The genomic analysis of Arabidopsis thaliana has revealed 52
genes encoding putative immunophilins in this model plant [7].
A signiﬁcant fraction of Arabidopsis cyclophilins and FKBPs
has been localized in the chloroplast, particularly in the small
compartment of chloroplast thylakoid lumen. Proteomic anal-
yses of Arabidopsis thylakoid lumen [8–10] identiﬁed 3 cyclo-
philins and 7 FKBPs, while none of these immunophilins has
been analyzed for PPIase activity. The recombinant lumenal
AtFKBP13 possessed this activity and was inactivated upon
reduction of two redox-active disulﬁde bonds speciﬁc for this
FKBP [11]. Two cyclophilins TLP40 [12] and TLP20 [13]
possessing PPIase activity have been isolated from thylakoid
lumen of spinach.
In this study, we set out to map the PPIase activities of the
immunophilins from the thylakoid lumen of A. thaliana by
chromatographic separations and PPIase assays with two pep-
tide substrates that should accommodate the speciﬁcities of
both cyclophilins and FKBPs. Unexpectedly, we revealed that
the PPIase activity of Arabidopsis thylakoid lumen is restricted
to only AtFKBP13 and AtCYP20-2. The dominant activity
belonged to AtFKBP13 and was strongly inhibited by the
thiol-reducing agent DTT. These ﬁndings reveal dramatic re-
dox sensitivity of the total PPIase activity in the chloroplast
thylakoid lumen.2. Materials and methods
2.1. Plant material, isolation and chromatographic fractionation of
thylakoid lumen
Arabidopsis thaliana ecotype Columbia plants were grown hydro-
ponically [14] at 20–22 C, 8 h light/16 h dark photoperiod and light
intensity 120 lmol photons/m2/s. Arabidopsis insertion line
SALK_009552 was obtained from the Salk Institute collection [15].
Homozygot plants with the T-DNA insertion were identiﬁed by
PCR analysis with the AtCYP20-2 gene speciﬁc primers: 5 0-TTTGC-
ACAGGTAAATATGCTTCATAGGAT-3 0 (forward), 5 0-AGATCG-
GACTTTAAATACAAATTGCTCGT-3 0 (reverse) and the T-DNA
left border speciﬁc primer 5 0-TGGTTCACGTAGTGGGCCATCG-
3 0. Plant leaves were harvested after 16 h of dark period. Soluble lume-
nal proteins were isolated from 100 g of wild type leaves or from 25 g
of mutant leaves according to the protocol described in [8,16] with
minor modiﬁcations. For Yeda press treatment the following buﬀer
was used: 20 mM Tricine, pH 7.8, 5 mMMgCl2, and 100 mM sucrose.
For isolation of membrane-associated lumenal fraction 1 M NaCl was
added to the same buﬀer and the membranes were subjected to addi-
tional Yeda press treatment. The high-salt protein extract was desalted
using Amicon Ultra-15 centrifugal ﬁlter units with 5 kDa cut-oﬀ (Mil-
lipore). The lumenal proteins were fractionated by sequential FPLC onblished by Elsevier B.V. All rights reserved.
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3672 A. Shapiguzov et al. / FEBS Letters 580 (2006) 3671–3676Resource Q and Resource S columns (Amersham Biosciences) equili-
brated with 20 mM Tricine, pH 7.8 and eluted with 0–1 M NaCl linear
gradient.
2.2. Measurements of PPIase activity
The PPIase activity was analyzed by chymotrypsin-coupled assay as
described in [17]. Peptide substrates N-succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide (A-peptide) and N-succinyl-Ala-Leu-Pro-Phe-p-nitroani-
lide (L-peptide) (Bachem) were dissolved in triﬂuoroethanol with LiCl
to increase the proportion of cis isomer [4]. The reactions were started
by adding peptide substrate to a mixture of protein sample and chymo-
trypsin (ﬁnal concentration 60 lM) in 0.1 M Tricine, pH 7.8 at 10 C.
The change in absorbance at 390 nm due to release of p-nitroanilide
was monitored on Lambda 25 Perkin–Elmer spectrophotometer. Reac-
tion rate coeﬃcients were derived by non-linear curve ﬁtting to a ﬁrst-
order rate equation using Origin 7.5 software. The enzymatic activity
was calculated as a diﬀerence in the rates of catalyzed and spontaneous
reactions.
2.3. SDS–PAGE and immunoblotting analyses
Chromatographic fractions were subjected to SDS–polyacrylamide
gel electrophoresis in 15% acrylamide gels that were either stained with
silver or used for immunoblotting. In the latter case, the proteins were
transferred to a polyvinylidene diﬂuoride membrane (Immobilone-P,
Millipore, MA, USA). The membrane was blocked with milk proteins
and incubated with indicated speciﬁc antibodies, which was followed
by ECL detection according to the protocol (Amersham Biosciences,
Sweden). Polyclonal antiserum to AtCYP38 was raised against a syn-
thetic peptide GPAEGFIDPSTEKTR corresponding to amino acids
211–225 of the mature protein. Polyclonal antibodies against At-
CYP20-2, PsbO and plastocyanin were kindly provided by Drs.
P.G.N. Romano, C. Spetea and H.V. Scheller.
2.4. Identiﬁcation of proteins by mass spectrometry
The individual protein bands were excised from the gels and treated
with trypsin (sequencing grade modiﬁed, Promega). MALDI-TOF
analyses of the peptides were performed on Voyager-DE Pro (Applied
Biosystems, Framingham, MA, USA). Electrospray ionization tandem
mass spectra were acquired on a hybrid mass spectrometer API Q-
STAR Pulsar i (Applied Biosystems, Foster City, CA, USA) equipped
with a nanoelectrospray ion source (MDS Protana, Odense, Den-
mark). The nanoelectrospray capillaries were loaded with 2 ll peptide
solution in water/acetonitrile (50/50) with 1% formic acid. The colli-
sion-induced fragmentation of selected peptide ions was done using
the instrument settings recommended by Applied Biosystems and man-
ual control of collision energy.2
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To map the PPIase activities in the thylakoid lumen of
Arabidopsis we isolated lumenal proteins according to theFig. 1. Mapping of PPIase activity and cyclophilins separated by
anion-exchange FPLC. (A) Fractionation of PPIase activity from
Arabidopsis thylakoid lumen on Resource Q column (representative of
three experiments). PPIase activity was measured with two diﬀerent
synthetic peptides as depicted by bold gray lines and indicated. The
protein absorbance at 280 nm is shown in dashed black line. Insets:
distribution of AtCYP20-2 and AtCYP38 cyclophilins according to
immunoblotting. (B) Fractionation of PPIase activity from the
thylakoid lumen of Arabidopsis mutant lacking AtCYP20-2. The
inset shows the absence of AtCYP20-2 in the mutant and presence of
AtCYP38 in both mutant and wild type plants, as determined by
immunoblotting. The protein absorbance at 280 nm is shown in dashed
black line; the PPIase activity measured with A-peptide is depicted by
bold gray line. (C) Collision-induced fragmentation spectrum and
sequencing of a tryptic peptide from AtCYP20-3 (fraction 9). The
signal of the doubly charged peptide ion is indicated at m/z 644.9. The
sequence of the peptide (corresponding to amino acids 111–122 in
the initial translation product of AtCYP20-3) is shown and the major
detected b (N-terminal) and y (C-terminal) fragment ions are
indicated.
cestablished protocol [8,16] and subjected them to chromato-
graphic fractionation by FPLC. The PPIase activity in all
fractions was measured using two substrate peptides, N-succi-
nyl-Ala-Ala-Pro-Phe-p-nitroanilide (A-peptide) and N-succi-
nyl-Ala-Leu-Pro-Phe-p-nitroanilide (L-peptide), to match the
speciﬁcities of both cyclophilins and FKBPs [3,4]. The anion-
exchange FPLC revealed two chromatographic peaks with
PPIase activity, as was detected with both substrate peptides
(Fig. 1A). The activity towards the A-peptide was signiﬁcantly
higher than towards the L-peptide (Fig. 1A) indicating the pos-
sible presence of cyclophilins in the active fractions. TheFraction
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unbound proteins and was further separated by cation-
exchange FPLC (see below). Immunoblotting analysis revealed
cyclophilin AtCYP20-2 (locus At5g13120) in the fractions 6–8
containing the major PPIase peak from the ﬁrst separation
(Fig. 1A, inset). The fractions in this peak contained many
proteins (data not shown), which implied a possible presence
of several PPIases. To check this possibility we isolated thyla-
koid lumen from Arabidopsis mutant lacking AtCYP20-2 (see
inset in Fig. 1B) and subjected it to an identical chromato-
graphic separation. Fig. 1B shows that the ﬁrst peak of PPIase
activity was speciﬁcally absent in the fractions 6–8 from the
mutant thylakoid lumen, as compared with the fractions con-
taining AtCYP20-2 from the wild type plants (Fig. 1A). Thus,
we concluded that PPIase activity in the fractions 6–8 (Fig. 1A)
was determined by AtCYP20-2.
To identify the PPIase responsible for the second, minor peak
of activity (Fig. 1A) we separated the proteins from fraction 9
by SDS–PAGE and analyzed seven individual protein bands
found in this fraction by peptide mass ﬁngerprinting. The
MALDI-TOF analyses revealed that two most abundant pro-
teins were ‘‘20-kDa protein with a PsbP domain’’ (At3g56650)
[8] and ‘‘11.6-kDa pentapeptide protein’’ (At2g44920) [8] (data
not shown). The 20 kDa cyclophilin AtCYP20-3 (locus
At3g62030) was the only immunophilin found in this fraction.
This cyclophilin has been earlier described as an active PPIase
localized in the stroma of chloroplast [18]. The identity of At-
CYP20-3 was conﬁrmed by sequencing of two peptides using
electrospray ionization mass spectrometry: the fragmentation
spectrum and corresponding sequence of one of these peptides
are shown in Fig. 1C. Accordingly, the peak of PPIase activity
detected in fractions 9 and 10 was assigned to the stromal cyclo-
philin AtCYP20-3 that appeared in thylakoid lumen prepara-
tions as a contamination [8–10]. As the result, the anion-
exchange separation of thylakoid lumenal proteins revealed
only one active PPIase from the lumen: AtCYP20-2. Notably,
three other lumenal immunophilins with low isoelectric points,
AtFKBP16-3 (locus At2g43560), AtCYP37 (locus At3g15520)
and AtCYP38 (locus At3g01480) [8,10], were also expected to
bind to this column. Cyclophilin AtCYP38 that has the lowest
isoelectric point of all lumenal immunophilins, was indeed
tightly bound to the column and eluted only with 250–
400 mM NaCl (fractions 24–27), as was revealed by immuno-
blotting analysis (Fig. 1A, inset). Surprisingly, no PPIase activ-
ity was detected in the corresponding fractions.Fig. 2. Identiﬁcation of AtFKBP13 as a single active PPIase in cation-
exchange FPLC fractionation and inhibition of its activity by DTT.
(A) Separation of proteins from the Resource Q void on the Resource
S column (representative of three experiments). The protein absor-
bance at 280 nm is shown in dashed black line. PPIase activity was
measured with two diﬀerent synthetic peptides before and after
incubation of the fractions with 2 mM DTT, as indicated by the
corresponding lines. Inset: silver stained gel with the fraction 6 that
corresponds to the peak of PPIase activity. (B,C) Collision-induced
fragmentation spectra and sequencing of two tryptic peptides from
AtFKBP13 (fraction 6). The sequences of the peptides are shown and
the major detected fragment b-ions and y-ions are indicated. (B) The
fragmentation spectrum of the doubly charged ion at m/z 494.2, as
indicated. The determined peptide sequence corresponds to the
positions 125–132 in the initial translation product of AtFKBP13.
(C) The fragmentation spectrum of the doubly charged ion at m/z
409.7, as indicated. The peptide sequence corresponds to the positions
133–139 in the initial translation product of AtFKBP13.
cThe largest portion of the total lumenal PPIase activity was
recovered in the void from the anion-exchange column and
was subsequently applied on and completely bound to a cat-
ion-exchange column. Analysis of the fractions eluted by salt
gradient revealed a single peak of PPIase activity in the frac-
tions 5–7 (Fig. 2A). The activity in this peak was variable in
three diﬀerent preparations performed in the study (Table 1).
The corresponding fractions contained a major or single pro-
tein band of about 14 kDa (Fig. 2A, inset) correlating with
the activity proﬁle. MALDI-TOF analysis revealed a peptide
mass ﬁngerprint that matched AtFKBP13 (locus At5g45680).
The identity of AtFKBP13 was conﬁrmed by sequencing of100
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Table 1
Distribution of PPIase activity from thylakoid lumen of Arabidopsis between the individual immunophilins
Synthetic substrate peptide % of the total lumenal PPIase activity
AtFKBP13 (locus At5g45680,
fractions 3–8 from the
cation-exchange column)
AtCYP20-2 (locus At5g13120,
fractions 6–8 from the
anion-exchange column)
AtCYP20-3 (locus At3g62030,
fractions 9–10 from the
anion-exchange column)
A-peptide 42.3 ± 6.2 17.2 ± 2.1 8.3 ± 3.6
L-peptide 61.3 ± 14.5 3.0 ± 0.7 0.9 ± 0.5
The activity is assayed with two diﬀerent synthetic substrate peptides.
The results presented are the mean values from chromatographic separations of proteins from three independent preparations of the thylakoid
lumen ± S.D.
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Fig. 3. Distribution of immunophilins AtCYP38 and AtCYP20-2, and
PPIase activity between the soluble lumen and the membrane-
associated fraction of Arabidopsis thylakoids. (A) Immunoblotting
analysis of AtCYP38 and AtCYP20-2 and control proteins PsbO and
plastocyanin. The controls show that PsbO (the extrinsic component of
PS II) was distributed between the lumen and the thylakoid
membranes, while plastocyanin was almost completely removed from
the membranes within the soluble lumen. (B) Distribution of PPIase
activity between the soluble and the membrane-associated protein
fractions obtained from the thylakoids containing 30 mg of chloro-
phyll. Activity was measured with two diﬀerent substrate peptides, as
indicated, and expressed in the enzymatic units.
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mass spectrometry. The fragmentation spectra for two of these
peptides are shown in Fig. 2B and C. These ﬁndings demon-
strated that the major PPIase activity in thylakoid lumen of
Arabidopsis belonged to an FKBP-type immunophilin
AtFKBP13, as summarized in Table 1. The sum of the PPIase
activities recovered in the chromatographic fractions consti-
tuted about 70% of the activity in the corresponding prepara-
tions of Arabidopsis lumen (Table 1). The major loss of
activity was observed during cation-exchange chromatogra-
phy. This separation yielded virtually pure AtFKBP13 (insert
in Fig. 2A), however, PPIase activity of this FKBP was not
very stable.
PPIase activity of recombinant AtFKBP13 was previously
shown to be redox regulated and diminishing upon treatment
with reducing agents [11]. To check if this is true for the iso-
lated plant-derived enzyme, we incubated the fractions con-
taining AtFKBP13 with 2 mM DTT for 30 min at room
temperature, which resulted in 3- to 4-fold decrease in PPIase
activity with both peptide substrates (Fig. 2A). The redox sen-
sitivity of AtFKBP13 might explain variability in PPIase activ-
ity that was observed in the corresponding fractions. The
inhibition of the enzyme from the plant diﬀered from that of
the recombinant AtFKBP13, which was most susceptible to
reduction by a combination of thioredoxin and DTT, while
DTT alone had a minimal eﬀect [11]. Importantly, activity
analyses with both substrate peptides revealed that addition
of 2 mM DTT to the isolated thylakoid lumen of Arabidopsis
also resulted in 2- to 3-fold inhibition of the total PPIase activ-
ity. We also attempted to increase/restore the PPIase activity
of AtFKBP13 by oxidizing agents. However, oxidized DTT
(20 mM) or Cu2+ (100 lM) were found ineﬃcient.
Two cyclophilins from thylakoid lumen, spinach TLP40
[12,19] and Arabidopsis AtCYP20-2 [20], have been shown to
bind to thylakoid membranes. To check if the established pro-
tocol of thylakoid lumen isolation [8,16] enables eﬃcient release
of membrane-associated PPIases, we made an additional
protein extraction from thylakoid membranes with a buﬀer
containing 1 M NaCl. The immunoblotting analysis demon-
strated that the high-salt treatment removed both AtCYP20-2
and AtCYP38 (Arabidopsis homolog of TLP40) from the mem-
branes (Fig. 3A). The amount of AtCYP38 in the membrane-
associated lumen (high-salt fraction) was higher than in the
‘‘conventional’’ soluble lumen fraction, while AtCYP20-2 was
about equally distributed between the two fractions (Fig. 3A).
The high-salt treatment of the membranes also released sub-
stantial PPIase activity, comparable to that in the soluble lumen
preparation (Fig. 3B). To characterize this activity, the proteins
of the membrane-associated lumen were desalted and subjected
to sequential anion- and cation-exchange chromatography, asdescribed above. The pattern of PPIase activity peaks appeared
to be almost identical to that of the soluble lumen shown in
Figs. 1A and 2A. The only diﬀerence was the absence of
the minor peak corresponding to the stromal cyclophilin At-
CYP20-3. Thus, AtCYP20-3 was eﬀectively removed from the
membranes during the preparation of the soluble lumenal
proteins.4. Discussion
In this study we mapped the distribution of PPIase activity
among immunophilins of chloroplast thylakoid lumen from
the model plant A. thaliana. It was expected that the combina-
tion of enzymatic and proteomic analyses would unravel
A. Shapiguzov et al. / FEBS Letters 580 (2006) 3671–3676 3675numerous PPIases corresponding to a complex repertoire of
immunophilins previously deﬁned in this cellular compartment
by proteomics and bioinformatics [8,10,21]. Surprisingly, we
found that all PPIase activity measured in thylakoid lumen
with two synthetic substrate peptides was determined by only
two immunophilins, AtFKBP13 and AtCYP20-2. The lack
of detectable PPIase activity towards these peptides in case
of the other lumenal immunophilins suggests that they have
evolved high substrate speciﬁcities for particular protein
partners. Indeed, some immunophilins are known to perform
site-speciﬁc docking to distinct target proteins and to trigger
structural rearrangements of protein complexes [1,2,5,6]. It
has also been suggested [22] that lumenal immunophilins have
speciﬁc receptors in the thylakoid membrane. In agreement
with this, we revealed that signiﬁcant amounts of active
PPIases, AtFKBP13 and AtCYP20-2, as well as of the cyclo-
philin AtCYP38 were bound to the thylakoid membranes.
We detected no PPIase activity of AtCYP38, while its spinach
homolog TLP40 (82% of sequence identity to AtCYP38 in the
mature form) was an active PPIase [12]. The molecular basis
for this diﬀerence is unknown. TLP40 is a multi-domain
cyclophilin that interacts with a thylakoid membrane protein
phosphatase regulating thylakoid protein dephosphorylation
[12,19,23]. Notably, Arabidopsis mutants lacking AtCYP38
demonstrate drastically retarded growth and abnormal proper-
ties of thylakoid membranes (Khrouchtchova, Edvardsson,
Shapiguzov, Paakkarinen, Hansson, Haldrup, Aro, Scheller
and Vener, unpublished data), which proves the importance
of this cyclophilin for assembly and regulation of the photosyn-
thetic apparatus despite of the lack of PPIase activity towards
the peptide substrates.
Signiﬁcant PPIase activity measured in thylakoid lumen
from spinach using the A-peptide substrate was ascribed to
cyclophilin TLP20 [13]. Here we show that AtCYP20-2, an
Arabidopsis homolog of TLP20, is also the active PPIase in
the assay with the A-peptide, while its activity towards the
L-peptide is relatively low. Another active PPIase in the thyla-
koid lumen of Arabidopsis is AtFKBP13. Characterization of
recombinant AtFKBP13 demonstrated that its PPIase activity
was redox regulated [11]. Our ﬁnding that this enzyme is the
most active lumenal PPIase supports the novel paradigm pos-
tulating oxidative control of enzymatic activities in the thyla-
koid lumen [24]. The activity of the isolated natural
AtFKBP13 was inhibited 3- to 4-fold by the addition of the
thiol-reducing agent DTT. On the contrary, this enzyme was
not activated by simple chemical oxidation with either oxidized
DTT or Cu2+. These data imply that oxidative activation of
AtFKBP13 in the lumen is enzymatically controlled and the
protein catalysts involved in this process are yet to be found.
Being the site of photosynthetic oxygen production, the chlo-
roplast thylakoid lumen is highly susceptible to oxidative
stress. Our work suggests that molecular mechanisms protect-
ing photosynthetic machinery against oxidative stress may in-
volve redox regulated catalysis of protein folding in the
thylakoid lumen and at the surface of thylakoid membrane,
as it is judged on the basis of the PPIase activity.
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